It is presently assumed that lethal hit delivery by cytotoxic T lymphocytes (CTLs) is mechanistically linked to centrosome polarization toward target cells, leading to dedicated release of lytic granules within a confined secretory domain. Here we provide three lines of evidence showing that this mechanism might not apply as a general paradigm for lethal hit delivery. First, in CTLs stimulated with immobilized peptide-MHC complexes, lytic granules and microtubule organizing center localization into synaptic areas are spatio-temporally dissociated, as detected by total internal reflection fluorescence microscopy. Second, in many CTL/target cell conjugates, lytic granule secretion precedes microtubule polarization and can be detected during the first minute after cell-cell contact. Third, inhibition of microtubule organizing center and centrosome polarization impairs neither lytic granule release at the CTL synapse nor killing efficiency. Our results broaden current views of CTL biology by revealing an extremely rapid step of lytic granule secretion and by showing that microtubule organizing center polarization is dispensable for efficient lethal hit delivery.
It is presently assumed that lethal hit delivery by cytotoxic T lymphocytes (CTLs) is mechanistically linked to centrosome polarization toward target cells, leading to dedicated release of lytic granules within a confined secretory domain. Here we provide three lines of evidence showing that this mechanism might not apply as a general paradigm for lethal hit delivery. First, in CTLs stimulated with immobilized peptide-MHC complexes, lytic granules and microtubule organizing center localization into synaptic areas are spatio-temporally dissociated, as detected by total internal reflection fluorescence microscopy. Second, in many CTL/target cell conjugates, lytic granule secretion precedes microtubule polarization and can be detected during the first minute after cell-cell contact. Third, inhibition of microtubule organizing center and centrosome polarization impairs neither lytic granule release at the CTL synapse nor killing efficiency. Our results broaden current views of CTL biology by revealing an extremely rapid step of lytic granule secretion and by showing that microtubule organizing center polarization is dispensable for efficient lethal hit delivery. On encounter with cognate target cells, CTLs activate different cytotoxic mechanisms, leading to target cell annihilation. Among those mechanisms, the most rapid and efficient pathway of CTL-mediated cytotoxicity is the release of the pore-forming protein perforin together with granzymes and other proteolytic enzymes (all stored in cytosolic granules, named lytic granules) at the CTL/target cell immunological synapse (IS) (1) (2) (3) . In human CTL and natural killer (NK) cells, the perforin/ granzyme pathway plays a central role in immune surveillance, as indicated by the severe immunodeficiency phenotype of patients exhibiting genetic mutations of perforin or of molecules implicated in lytic granule docking and fusion to plasma membrane (4) .
Cytotoxicity is a highly dynamic phenomenon, based on the formation of rapid and multiple cellular contacts. CTL have been shown to kill target cells displaying on their surface extremely low antigen densities within a few minutes after initial contact (5) (6) (7) (8) (9) . Moreover, CTL have been reported to kill multiple target cells either serially, by bouncing from one target to another, or simultaneously (9, 10) .
Despite detailed knowledge of the immunological function of CTLs and of the numerous molecular steps involved in the release of lytic granule content after T-cell antigen receptor (TCR) engagement, we do not have a complete understanding of the process of lytic granule secretion at the CTL/target cell IS.
The established model of CTL-mediated cytotoxicity is based on the observations that lethal hit delivery to target cells is paralleled by the repositioning of the microtubule-organizing center (MTOC) and the centrosome beneath the IS and by a microtubule cytoskeleton-directed movement of lytic granules toward the target cells. These observations suggest a mechanistic link between centrosome docking to the plasma membrane and lytic granule secretion (11, 12) . Such a mechanism is considered instrumental to ensure confined secretion of lytic molecules within the synaptic cleft, resulting in selective killing of cognate target cells (1) .
Although parallel movement of lytic granules and MTOC toward the IS has been thoroughly documented, whether a mechanistic link exists between MTOC polarization and lytic granule secretion is still unknown. In particular, it is not clear whether lytic granule secretion is initiated at the CTL/target cell contact site immediately after a cell-cell encounter, independently of MTOC repolarization.
In the present study performed with untransformed human CTLs, we show that lytic granule enrichment at the synaptic area and their secretion precede MTOC polarization in ∼50% of the analyzed CTLs, as detected by total internal reflection fluorescence microscopy (TIRFM) and time-lapse microscopy. In addition, selective inhibition of MTOC/centrosome polarization inhibited neither lytic granule secretion at the IS nor cytotoxic activity.
Taken together, our results show that CTLs can secrete lytic granules at the synaptic area as early as 40-60 s after target cell encounter and before MTOC polarization. They also show that lytic granule secretion can occur in conditions in which MTOC polarization is inhibited. These unexpectedly rapid and MTOCindependent secretory events provide a basis for the described capacity of CTL to behave as multiple killers of different target cells encountered simultaneously.
Results
Monitoring MTOC and Lytic Granule Dynamics in Antigen-Stimulated CTLs. To study the dynamics of lytic granules and of the MTOC within the IS area, we first used TIRFM to restrict the spatial window of observation within a few hundred nanometers proximal to the IS. HLA-A2-restricted human CTLs specific for the CMV pp65 peptide were loaded with LysoTracker-red and TubulinTracker-green to monitor in parallel lytic granules and microtubule dynamics and were then seeded into microchambers coated with specific peptide-MHC complexes (pMHCs). In CTLs stimulated by immobilized specific pMHCs, lytic granules were detected in the TIRF plane during the entire time of acquisition (a total of 59 CTLs were scored for 180-360 s). On the contrary, MTOC was detected much less frequently in the TIRF plane. Indeed, depending on the cells analyzed, we identified different types of MTOC dynamics: (i) MTOC did not appear in the TIRF plane (18 cells, 30% of total, Fig. 1A ; Movie S1); (ii) microtubules and lytic granules appeared almost simultaneously, yet MTOC was detected in the TIRF plane later than lytic granules and stayed in that plane only very transiently (24 cells, 41% of total; Fig. 1B ; Movie S2); (iii) MTOC appeared at the beginning of the movie but then disappeared from the TIRF plane, whereas lytic granules stayed in that plane for all of the acquisition time (7 cells, 12% of total; Fig. 1C ; Movie S3); and (iv) microtubules with or without a distinguishable MTOC structure were detected in the TIRF plane at the beginning of the acquisition and disappeared during the acquisition (10 cells, 17% of total; Fig. 1D ; Movie S4). In cells in which MTOC was clearly detectable in the TIRF plane, although lytic granules could be observed in close proximity of the MTOC, they were frequently spread in the entire TIRF plane and found up to 5 μm away from the MTOC. Control experiments showed that, under the above-described conditions, CTLs were specifically and rapidly stimulated (SI Results; Fig. S1 ; Movies S5, S6, S7, and S8). Taken together, the above results indicate that, in antigen-stimulated CTLs, the dynamics of lytic granule entry into the TIRF plane is uncoupled from MTOC dynamics. They thus raise the question of whether lytic granules secretion might be initiated independently of MTOC polarization and contact to the plasma membrane.
To address this question, we took advantage of the observation that lethal hit delivery can be visualized by a rapid [Ca 2+ ] i increase in target cells. This [Ca 2+ ] i increase cannot be used to predict the time of target cell death, yet it can be used as an early marker of lytic granule reception (9, 10, 13) . We thus performed time-lapse confocal laser scanning microscopy to monitor in parallel microtubule dynamics, lytic granule delivery to the IS, and lethal hit reception by target cells. This approach showed that lethal hit reception by target cells could precede a detectable polarization of the MTOC (11 of 19 cells analyzed; Fig. 2A ; Movies S9 and S10).
Although this approach allowed us to monitor lytic granule and MTOC dynamics together with [Ca 2+ ] i increase, it had the limitation of a relatively slow image acquisition setup (1 image every 7 s). It was therefore not possible to exclude the possibility that CTL MTOC might move back and forth to the IS with a rapidity not detectable with the time resolution used.
To limit this possibility we used a single color, fast (one image per 0.5 s) but low-resolution image acquisition using confocal laser scanning microscopy. Using this approach, we observed that in ] i increase in target cells could be detected as early as a few tens of seconds after initial CTL/target cell contact (Fig. 2C) .
Taken together these results show that lytic granule dynamics and secretion in antigen-stimulated CTLs does not coincide with MTOC dynamics and that lytic granule secretion can be initiated before MTOC polarization.
Lytic Granule Secretion by CTLs Can Occur in the Absence of Detectable MTOC Synaptic Recruitment. We next attempted to prevent CTL MTOC polarization to extend the window of time whereby MTOCindependent lytic granule dynamics could be observed. To do so, we targeted protein kinase Cζ (PKCζ) function in CTLs. Indeed, we and others recently showed that the activation of this ancestral polarizing enzyme at the IS is required for MTOC polarization in CD4
+ helper T cells interacting with dendritic cells (14, 15) . To test whether this pathway is also implicated in MTOC polarization in CTLs, we monitored PKCζ activation at the IS by staining CTL/target cell conjugates with antibodies directed against the phosphorylated form of PKCζ (p-PKCζ) (14) . As shown in Fig.  S2 , both in CD8 + Vβ2 + human primary T cells interacting with Epstein-Barr virus (EBV)-transformed B cells pulsed with toxic shock syndrome toxin-1 (TSST-1) (Fig. S2 A and B) and in HLA-A2-restricted human CTLs specific for the CMV pp65 peptide (Fig. S2C ), p-PKCζ staining was increased at the IS where it paralleled phospho-tyrosine (p-Tyr) staining. These results indicated that in CTLs, similarly to T H cells (14) , the PKCζ pathway is active at the IS. We thus treated CTLs with a selective pseudosubstrate inhibitor of PKCζ (PKCζ-PS) (16) to investigate the impact of PKCζ signaling blockade on MTOC polarization. PKCζ-PS treatment did not affect CTL viability (Fig. S3A) , TCR down-regulation (Fig. S3B) , or IFN-γ production (Fig. S3C) , indicating that inhibition of PKCζ function did not affect the stability of CTL/target cell interaction or productive TCR engagement. Conversely, PKCζ-PS treatment of CTL inhibited MTOC polarization toward target cells both in TSST-1-specific and in pp65-specific CTL as depicted in Fig. 3A and Fig. S4A , respectively. Scoring of a significant number of individual conjugates showed that, in both TSST-1-and antigen-stimulated CTLs, the distance between the MTOC and the center of the IS was significantly increased when PKCζ was inhibited, although MTOC position was not reverted to that of unstimulated CTLs ( Fig. 3B; Fig. S4B ). Comparable results were obtained when CTL polarization was investigated by monitoring γ-tubulin (a microtubule nucleator used to detect centrosome position) together with α-tubulin (to detect microtubule organization) in CTL/target cell conjugates using four-color confocal microscopy (Fig. S5) .
Having observed that treatment with PKCζ-PS strongly reduced MTOC polarization in CTL without affecting productive TCR engagement, we used this selective PKC-ζ inhibitor to investigate whether lytic granule secretion might take place at the CTL/target cell IS in conditions in which MTOC polarization was inhibited.
We first measured by FACS analysis CD107a exposure on CTLs (either untreated or pretreated with PKCζ-PS) interacting with target cells. This analysis showed that the surface upregulation of this lysosomal/lytic granule-associated membrane protein was not affected by the inhibition of PKCζ function (Fig. 4A) . Confocal microscopy was then used to define whether polarization-independent CD107a exposure might occur within the confined CTL/target cell contact site. In untreated Vβ2
+ CTLs interacting for 3 min with cognate target cells, CD107a was exposed on the CTL surface in parallel with MTOC polarization. Moreover, in CTL/target cell conjugates, CD107a exposure was preferentially detected at the synaptic area after such short time of interaction (Fig. 4B) . Interestingly, in conditions in which PKCζ-dependent MTOC polarization was blocked, a similar exposure of CD107a was found in the CTL/target cell conjugates (Fig. 4 B and C) . The inhibition of MTOC polarization was confirmed by measuring, in the same conjugates, the distance between MTOC and the center of the IS (Fig. S6) . These results indicate that CD107a synaptic exposure occurs independently of MTOC polarization.
Three-dimensional confocal microscopy analysis showed that lytic granule release could still occur within a central region of the IS, defined by the exclusion of CD45 (17) , in conditions in which MTOC polarization to the synaptic area was prevented by the blockade of PKCζ activity (SI Results; Fig. S7 , Movies S13, S14, S15, and S16). These results were supported by time-lapse confocal laser scanning microscopy showing a [Ca 2+ ] i increase in a significant fraction of target cells interacting with PKCζ-PS-treated CTLs (32 of 66 cells analyzed; Fig. S8 ; Movies S17 and S18).
These results extend our observation that lytic granule release can precede MTOC polarization by showing that preventing MTOC polarization does not abort lytic granule exocytosis.
CTLs Elicit Cytotoxicity in Conditions in Which MTOC Polarization Is
Inhibited. The above results indicated that secretion of lytic granules could be mechanistically dissociated from MTOC apposition to the IS. We therefore asked whether CTLs treated with PKCζ-PS might elicit cytotoxicity. For this analysis, we took advantage of the observation that in helper T-cell/antigen-presenting cell (APC) conjugates, treatment with PKCζ-PS resulted in an inhibition of the secretory machinery toward the APC that lasted at least 6 h, a time longer than a standard cytotoxicity assay (14) . In TSST-1-stimulated Vβ2
+ CTLs, inhibition of MTOC polarization did not affect cytotoxicity at the different effector:target (E:T) ratios (Fig. 5A ) and TSST-1 concentrations (Fig. S9A) used. These results suggested that efficient lethal hit delivery can occur in conditions in which MTOC positioning beneath the IS is strongly reduced. Comparable results were observed when cytotoxicity was measured in antigen-stimulated CTLs at different E:T ratios (Fig. 5B ) and peptide concentrations (Fig. S9B) . We also investigated whether the time needed from initial CTL/target cell contact to target cell death was altered when PKCζ activity was blocked by measuring the time kinetics of caspase-3 activation in target cells at different times after conjugation with CTLs. This analysis showed that inhibition of PKCζ function did not affect the time kinetics of caspase-3 activation in target cells, indicating that the time needed for induction of target cell death was not altered (Fig. S10) .
We cannot exclude the possibility that, during a standard 4-h cytotoxicity assay, a transient polarization of the MTOC toward the IS might occur in PKCζ-inhibited CTLs. However, the observation that in different CTL models using different E:T ratios and antigen doses, PKCζ-PS pretreatment affected neither cytotoxicity nor caspase-3 activation kinetics strongly suggests that microtubule organizing center polarization is dispensable for efficient lethal hit delivery.
Discussion
In the present work, we investigated the mechanistic link between MTOC/centrosome polarization at the IS and lethal hit delivery by CTLs. We show that lytic granule release at the CTL/ target cell synapse can precede MTOC polarization and can occur in conditions in which MTOC polarization is impaired. An initial observation indicating that lytic granule dynamics might be, at least in part, dissociated from MTOC dynamics came from the analysis of the kinetics of lytic granule and MTOC entry in the TIRF plane in CTL interacting with immobilized specific pMHCs. This analysis showed that lytic granules and MTOC dynamics were heterogeneous and clearly not synchronized in the various cells analyzed. The dynamics of lytic granules and MTOC was recently studied using TIRFM in human CTL (18) and mouse NK cells (19) stimulated by immobilized anti-CD3 or anti-NKp30 and anti-CD18, respectively. In human CTLs, it was found that the MTOC did not enter in the TIRF plane (18) ; conversely, in mouse NK cells, it was found that MTOC appeared in the TIRF plane and lytic granules mostly associated with MTOC (19) . In line with the latter observation, superresolution microscopy analysis of the NK secretory domain showed that MTOC polarizes toward the granule penetrable synaptic areas of the actin meshwork (20) .
Our results reconcile these previous observations by identifying different phenotypes for lytic granules and MTOC dynamics.
Using rapid time-lapse microscopy, we also show that, during initial CTL/target cell interaction, CTLs can secrete cytotoxic granules before MTOC polarization. In these conditions, the rapid elevation of [Ca 2+ ] i in target cells was instrumental to detect lytic granule secretion before MTOC polarization.
Thus, in the present study, we reveal that MTOC/centrosome polarization is not strictly required for lytic granule secretion at the CTL/target cell contact site during the first minutes after CTL/ target cell encounter. At later time points (as those corresponding to Fig. 3 and Fig. S4 ), we observed parallel polarization of MTOC and lytic granules at the IS in agreement with previous results obtained using electron microscopy on fixed CTL/target cell conjugates (11, 21) .
Our findings are complementary and extend the current model of lytic granule secretion established by Griffiths and coworkers (1, 11) . The model states that CTLs use a secretory mechanism by which the centrosome contacts the plasma membrane and delivers secretory granules at the center of the IS. Taken together, our TIRFM and time lapse-microscopy results indicate that during the very first steps of CTL activation, lytic granule secretion is initiated independently of MTOC polarization (not excluding that the MTOC might enter in contact with the CTL plasma membrane at later time points). In addition, our TIRFM data do not rule out the possibility that during the CTL activation process the MTOC might lie just beyond the TIRF plane and that it might bring the major lytic granule pool in a position facilitating further mobilization to the synaptic area. Thus, our results provide further understanding of the dynamics of lytic granule delivery. Although they do not disprove the concept that MTOC polarization can favor the movement of lytic granules toward the IS (6, 11), they reveal the existence of a previously undetected early step of lytic granule secretion, which is independent of MTOC polarization.
We also provide further evidence that lytic granule secretion might be, under certain circumstances, uncoupled from MTOC dynamics by blocking MTOC polarization with a selective inhibitor of the ancestral polarity protein PKCζ (14, 15) . Our results show that in conditions in which MTOC polarization is inhibited, no major effect on cytotoxicity and on the activation of caspase-3 in target cells could be detected. In interpreting these results, it should be noted that PKCζ inhibition does not completely revert the position of the MTOC in antigen stimulated CTLs to that of unstimulated CTLs. However, our results show that in cognate CTL/target cell conjugates in which PKCζ function was inhibited a significant distancing of MTOC from the synaptic area was induced, yet no effect on cytotoxicity could be detected in parallel experiments. The above phenomenon is directly illustrated by results showing that synaptic expression of CD107a and [Ca 2+ ] i in target cells was not inhibited in conditions in which MTOC polarization was impaired. Moreover, results presented in Fig. S7 and Movies S13, S14, S15, and S16 unequivocally showed that lytic granules could route toward the center of the synaptic area in conditions in which MTOC polarization was inhibited.
It should be noted that CTLs do not need synaptic contacts and polarization of MTOC/centrosome to secrete their lytic granules. Lytic granule secretion happens, for instance, when CTLs are triggered by soluble stimuli such as phorbol-12-myristate-13-acetate and ionomycin (22) . Our results are in line with these observations and provide further support to the notion that docking and fusion of lytic granules to the CTL plasma membrane can occur independently of microtubule polarization events.
Our results raise the question of what could be the in vivo impact of the above-described dynamics of CTL secretory mechanisms. It is conceivable that although CTLs might indifferently use the rapid (MTOC-preceding) and sustained (MTOC-accompanied) pathways of lytic granule secretion to annihilate sensitive target cells, the sustained delivery of lytic granules to the IS might be required to optimize killing of resistant target cells such as tumor cells (13) . If the role of the MTOC is not directly involved in the control of lytic granule release, it is tempting to speculate that the numerous lytic granules that follow the MTOC constitute a reserve pool that can fuel the pool of exocytosis-competent granules. It is also possible that the MTOC-driven polarization of a large fraction of lytic granules at the IS could limit CTL cytotoxic potential in tissues by sequestering a large fraction of lytic granules at the contact site with one target cell, thus preventing excessive elimination of adjacent cells. A combination of these mechanisms might function in vivo to improve the efficiency of target cell killing while confining CTL biological function.
Our results do not exclude the possibility that microtubule integrity is required for efficient cytotoxicity, as indicated by previous studies showing that functional microtubules and microtubule motor proteins are important for CTL lethal hit delivery (23, 24) . Further research based on more recent technical approaches such as time-lapse microscopy, 3D confocal microscopy, and superresolution microscopy is required to investigate the role played by microtubules and microtubule motors on lytic granule dynamics and synaptic localization.
All in all, by showing that lytic granule secretion can be mechanistically dissociated from the dynamics of MTOC reorientation, our results are complementary and extend the current model of lytic granule secretion (11) . Taken together with the established model, our results indicate that on the encounter with a cognate target cell, lytic granule secretion is swiftly triggered in CTLs by TCR engagement as a default mechanism of immediate response to antigenic stimuli. Polarization of CTL lytic machinery follows to ensure the delivery of additional lytic granules to the IS, resulting in prolonged and confined secretion of lytic molecules toward one target cell. When multiple cognate targets are encountered simultaneously, lytic granules are secreted at the different contact sites resulting in multiple killing (9) . The described early and MTOC-independent step of lytic granule secretion is likely to be instrumental for the exquisite rapidity of single and multiple target cell annihilation exhibited by CTLs. 
Materials and Methods

Vβ2
+ T-cell populations were cultured in RPMI 1640 medium, 5% (vol/vol) human serum, and IL-2 (250 U/mL) in the presence of anti-CD3/CD28 mAb-coated Dynabeads (Invitrogen) at a ratio of one bead for 10 T cells. Blood samples from healthy donors were obtained following standard ethical procedures (Helsinki protocol) and with the approval of the concerned Internal Review Boards. The HLA-A2-restricted T-cell line (CMVpp65) specific for the peptide NLVPMVATV of the human cytomegalovirus protein pp65 was used (25) . HLA-A2-matched EBV-transformed B cells (JY) were used as target cells and pulsed either with TSST-1 (Toxin Technology) when cocultured with CD8
+
Vβ2
+ T cells or with specific peptide pp65 when cocultured with CMVspecific CTL lines.
